Pedipalps are the most versatile appendages of arachnids. They can be equipped with spines (Amblypygi), chelae (Scorpiones), or adhesive pads (Solifugae), all of which are modifications to grasp and handle fast-moving prey. Harvestmen (Opiliones) show a high diversity of pedipalpal morphologies. Some are obviously related to prey capture, like the enlargement and heavy spination of Laniatores pedipalps. Many Dyspnoi, by contrast, exhibit thin, thread-like pedipalps that are covered with complex glandular setae (clavate setae). These extrude viscoelastic glue that is used to immobilize prey items. Comparable setae (plumose setae) have previously been found in representatives of both Eupnoi and Dyspnoi, yet comprehensive data on their distribution are lacking. This study examined the distribution and ultrastructure of glandular setae in harvestmen and related them to pedipalpal morphology. Pedipalpal and setal characters were analysed in a phylogenetic framework. We found that glandular setae are synapomorphic for and widespread in the Palpatores clade (Eupnoi plus Dyspnoi). Their occurrence correlates with pedipalp morphology and feeding habit. Remnants of arthropod cuticular structures or secretions, frequently found attached to glandular setae, and behavioural observations, underlined the importance of the setae for capturing and securing prey. We hypothesize that glandular setae evolved as an adaptation to capture small and agile prey, which are hard to catch with a capture basket. Details of ultrastructure indicate that the setae are derived sensilla chaetica, with both a secretory and sensory function. Derived ultrastructural characters of the glandular setae, such as slit-like channel openings and a globular arrangement of the microtrichia, may increase their effectiveness. The functional role of further pedipalpal modifications, such as apophyses, stalked and hyperbendable joints, and curved segments, as well as sexual dimorphism and ontogenetic polymorphism, are discussed. Some implications of the results obtained for the taxonomic treatment of Phalangiidae are also discussed. These results shed new light on the biology and evolutionary history of this fascinating group of arthropods.
INTRODUCTION
With about 6600 described species (Kury, 2015) , harvestmen (Opiliones) are the third most diverse order of arachnid arthropods, following mites (Acari) and spiders (Araneae). They can be found worldwide in damp and humid to semi-arid areas from subarctic regions to the wet tropics (Curtis & Machado, 2007) , and at elevations of up to 5540 m in the Himalayas (Swan, 1961; Martens, 1973) . In both temperate and tropical regions harvestmen are an important part *Corresponding author. E-mail: jonas.wolff@mq.edu.au or wolff.jonas@web.de of the litter fauna; however, some species are also frequently found on trees (Burns, Hunter & Townsend, 2007; Curtis & Machado, 2007) . Harvestmen also utilize a broad range of food sources, from arthropods, gastropods, annelids, and even small vertebrates to plant material, fungi, and detritus (reviewed in Acosta & Machado, 2007) . Harvestmen are frequently encountered carrying prey; however, there are few reports on prey capture, and it was long believed that they only feed on already-dead animals. Scavenging, and even kleptoparasitism, has indeed been demonstrated to be part of the foraging strategy in certain harvestmen (Bristowe, 1949; Sabino & Gnaspini, 1999; Morse, 2001; Wijnhoven, 2011) . However, they are also able to grasp and overcome highly mobile prey, such as collembolans, lepidopterans, hymenopterans, and dipterans, using the front legs, pedipalps, and chelicerae (R€ uhm, 1926; Frank, 1937; Bristowe, 1949; Immel, 1955a; Phillipson, 1960; Gruber, 1993; Santos & Gnaspini, 2002; Wolff et al., 2014) .
The legs are highly elongated in numerous harvestmen taxa, hence their alternative vernacular name of 'daddy-long-legs'. This is beneficial for locomotion (K€ astner, 1931; Guffey, Townsend & Felgenhauer, 2000; Sensenig & Shultz, 2006) , but may also help in prey capture, as front legs are often used as feelers (second leg pair) or as an 'aerial web' to stop flying prey (Santos & Gnaspini, 2002) . However, besides bearing a high density of sensory organs (Barth & Stagl, 1976; Willemart, Farine & Gnaspini, 2009; Wijnhoven, 2013) , the legs usually do not show special adaptations for prey capture.
The chelicerae are the first pair of appendages in arachnids. In harvestmen they are scissor-like and often equipped with sharp denticles. They are used to retain and dismember prey. The chelicerae can be extremely enlarged, i.e. in the genera Ischyropsalis (Ischyropsalididae), Taracus (Taracidae), and in male Enantiobuninae (Neopilionidae). At least one Ischyropsalis species feeds on snails and its massive chelicerae are used to break their shells (Verhoeff, 1900; Martens, 1965) . However, this food source is not exploited by other species of this genus and thus cheliceral enlargement may not always be a direct adaptation for this mode of feeding (Martens, 1975) , likewise in Taracus (Shear, 1975) .
The most versatile appendages in arachnids are the pedipalps. As part of the mouth parts, they are equipped with a high number of chemosensors and used as feelers in most groups. They can be equipped with large chelae, as in scorpions and pseudoscorpions; with large and massive spines, as in amblypygids and uropygids; or with adhesive pads, as in solifuges -all modifications that assist prey capture. They can also be modified into highly complex secondary copulatory organs as in spiders (Araneae). In harvestmen the pedipalps are basically leg-like but often equipped with modifications, such as apophyses or spines. Such apophyses are hump-or finger-like outgrowths that may occur at the prolateral side of femur, patella, or tibia (with the patellar apophysis often the most prominent). Spines of harvestmen pedipalps are sclerotized, stiff setae based in highly elevated sockets. The pedipalps of harvestmen can also be distinctly derived, as reflected by taxonomic names such as Nemastoma ('thread mouth') or Dicranopalpus ('two-headed palp'). They can be sexually dimorphic, with male pedipalps being elongated, thickened, or equipped with spines, in which case male polymorphism may also frequently occur (Buzatto & Machado, 2014) . Dimorphism is related to mating, in which the pedipalp is used to grasp and secure the female at the front leg coxae (Willemart et al., 2006; Burns, Hedin & Shultz, 2013) . The pedipalps can further be differentiated between juveniles and adults (Dahl, 1903; Martens, 1978; Gruber, 1993) .
Pedipalpal morphology differs amongst the four major clades of harvestmen. The Cyphophthalmi include about 200 species found in disparate regions around the world (Kury, 2015) . They represent the sister group of all other harvestmen (Shultz & Regier, 2001; Giribet et al., 2010) and exhibit a mitelike appearance and leg-like pedipalps (Fig. 1A ). The Laniatores include over 4200 species, with the highest diversity in the tropics (Kury, 2015) . These harvestmen are often armoured with a thick integument and bear (often enlarged) raptorial pedipalps ( Fig. 1B-C) , which are used in prey capture (Pereira et al., 2004; Costa & Willemart, 2013) and fighting (Buzatto & Machado, 2008; Nazareth & Machado, 2009) . The sister group of Laniatores are the Palpatores (Shultz & Regier, 2001 ), which include two major clades, the Eupnoi [about 1800 species found worldwide (Kury, 2015) ] and the Dyspnoi (close to 400 species), which are mostly restricted to the Northern Hemisphere with the exception of the basal Acropsopilionidae (Sch€ onhofer, 2013; Groh & Giribet, 2014; Kury, 2015) . In the Eupnoi the pedipalp is often described as 'leg-like'; however, it differs distinctly from the walking legs in the proportions of segments and joint positions, leading to a cramped position at rest (Fig. 1D, F) . It may bear large apophyses, spines, or denticles ( Fig. 1D , E, G), or be highly elongated and thread-like. The Dyspnoi bear thread-like pedipalps lacking the terminal claw (with the exception of at least one Sabacon species, Martens, 2015) and with the distal segments being occasionally swollen (Fig. 1H, I ).
A remarkable character in the Nemastomatidae and Dicranolasmatidae (Dyspnoi) is the presence of clavate ('drumstick-like') setae ('Kugelhaare') that densely cover the pedipalps. These exhibit a complex ultrastructure that supports the secretion and retention of a glue droplet (Rimsky-Korsakow, 1924; Wachmann, 1970) . This secretion shows good wetting and viscoelastic properties and is used to capture small arthropods such as springtails (Wolff et al., 2014) . Dense fields of branching setae (socalled plumose setae or 'bottle-brush' setae) also occur in other dyspnoid harvestmen, such as Sabaconidae and Taracidae, and in many Eupnoi (Gruber, 1970; Lopez, Emerit & Rambla, 1980; Shear, 1986; Giribet et al., 2002; Wijnhoven, 2013) . These may fulfil a similar function to the clavate setae of Nemastomatidae, although behavioural data are lacking. In the genus Sabacon (Sabaconidae), the setae are also reported to be supported by both dendritic and glandular cells and to carry glue droplets (Juberthie, Lopez & Juberthie-Jupeau, 1981) . Plumose setae are also found in the eupnoid family Neopilionidae, especially the subfamily Ballarrinae, in which the pedipalps are modified in a similar manner to Dyspnoi (Hunt & Cokendolpher, 1991) . The structure of plumose setae in the widespread All macro photographs were taken in the field. A, Siro acaroides (Sironidae) of the basal-most suborder Cyphopthalmi, exhibiting small, nonmodified (leg-like) pedipalps. B, Holoscotolemon querilhaci (Cladonychiidae), a more basal lineage of the suborder Laniatores, exhibiting massive raptorial pedipalps. C, an unidentified species of Epedanidae, a more derived lineage of Laniatores, exhibiting extreme elongation of the femur and patella, shifting the raptorial segments distally. D, Caddo agilis (Caddidae) the most basal lineage in the suborder Eupnoi, exhibiting thick femoral spines and a dense field of glandular setae on the prolateral sides of pedipalps (secretion droplets appear like whitish dew-drops between both pedipalps). E, Platybunus sp. (Phalangiidae) with thick femoral spines and both glandular seta bearing patellar and tibial apophyses. F, male Phalangium opilio (Phalangiidae), exhibiting pedipalps with highly increased length, and all spines, apophyses, and glandular setae reduced. G, Juvenile Gagrellinae harvestman (Sclerosomatidae) with well-developed patellar and tibial apophyses, bearing glandular setae. H, Sabacon viscayanus (Sabaconidae), belonging to the suborder Dyspnoi, showing a highly modified pedipalp with dense coverage of glandular setae and hyperflexible patellar-tibia and tibia-tarsus joints. I, juvenile Mitostoma chrysomelas (Nemastomatidae), exhibiting the typical dyspnoid 'tentacle' pedipalp, densely covered in glandular setae. Photos (C) and (G) by Melvyn Yeo and (I) by J€ org Pageler, with kind permission, all others by Axel Sch€ onhofer.
Phalangiidae (Eupnoi) is mostly unstudied, although their occurrence is repeatedly documented (e.g. Shear, 1986; Giribet et al., 2002) . There are no reports of glandular setae in the eupnoid family Sclerosomatidae. Plumose setae are also reported from the Caddidae (Gruber, 1974; Shear, 1996) , which have recently been found to be polyphyletic, with the genus Caddo being the sister group of all other Eupnoi (Caddidae sensu Groh & Giribet, 2014) and Acropsopilio and related genera forming the sister group of Dyspnoi (Acropsopilionidae) (Groh & Giribet, 2014) . Accordingly, symplesiomorphy of plumose setae has been suggested for the Palpatores (Shear, 1986; Hunt & Cokendolpher, 1991; Groh & Giribet, 2014) . Shear (1986) remarked that plumose glandular setae are so widespread in harvestmen that their occurrence might be the plesiomorphic state of at least the Palpatores, if not of all Opiliones. However, he later described differences between plumose and clavate setae and questioned their homology (Shear, 2010) . No comprehensive study on this issue has previously been conducted.
The aim of this study was thus to present a comparative analysis of pedipalp morphology in harvestmen with a focus on the occurrence, position, and ultrastructure of clavate and plumose glandular setae. The results were then mapped onto a phylogenetic framework to retrace the evolution of pedipalpal and setal characters. Sexual and ontogenetic differences in glandular seta distribution have previously been reported (Dahl, 1903; Martens, 1978; Gruber, 1993; Wijnhoven, 2013) . Thus, we included pedipalps of both sexes and juveniles in the analysis wherever possible. Behavioural observations and high-speed-video recordings were performed to elucidate the use of pedipalps during prey capture and mating. Hermann, 1804 , m., f., juv., Kiel, Germany, 2013 , 2014 and Mainz, Germany, 2014 ; Nemastoma dentigerum Canestrini, 1873, f., m., juv., Kiel, Germany, 2013 , 2014 ; Nemastoma lugubre M€ uller, 1776 , f., m., juv., Holstein, Germany, 2013 , 2014 , Ortholasma coronadense Cockerell, 1916, f., m., juv., CA, USA, 2011 (AXLS); Paranemastoma quadripunctatum Perty, 1833, f., m., Brenner, Austria, 2014 (coll.) ; Paranemastoma thessalum Simon, 1885, f., m., Ossa Mountains, Greece, 2009 (AXLS); Pyza bosnica Roewer, 1916 , f., m., Pelister Mountain, Macedonia, 2006 ; Vestiferum alatum Martens, 2006, f., m., Turkey (CJM) .
MATERIAL AND METHODS

ANIMALS
Light microscopy
Light microscopic images of animals and pedipalps were taken with a multifocus stereo microscope (Leica M205 A, Leica Microsystems GmbH, Wetzlar, Germany) equipped with a camera (Leica DFC420).
SCANNING ELECTRON MICROSCOPY
The ultrastructural analysis used primarily specimens stored in 70% ethanol. Pedipalps were removed using fine forceps and dehydrated in a series of increasing ethanol concentrations (80, 90, 100, and 100% on molecular sieve), followed by critical-point drying. The secretion found on clavate setae in Nemastomatidae and Dicranolasmatidae hardly dissolves in ethanol and cannot be removed by polar fluids. Thus, some pedipalps of representatives of these families were ablated from individuals freshly killed with carbon dioxide and treated with acetone for 30 min to totally remove the lipidic secretion. The samples were then transferred to 70% ethanol, dehydrated, and critical-point dried as mentioned above. All samples were glued on stubs using a carbon-rich double-sided adhesive tape and sputter-coated with 10 nm Au-Pd. Specimens were studied with a Hitachi S 4800 scanning electron microscope (Hitachi Ltd., Tokyo, Japan) at an acceleration voltage of 3.0 kV. In some cases samples were slightly touched with needles to partly destroy the glandular setae, recoated, and investigated to get information on the inner structure (in most cases, however, it was possible to find some broken setae without this treatment).
The prolateral sides of pedipalps were screened for glandular setae and their positions were documented. Certain characters of pedipalps, such as spination, occurrence of apophyses, size of the tarsal claw, and the shape of distal segments, were recorded (see Results for details). Ultrastructural details of glandular setae (proportion of plumose part, distribution and tip morphology of microtrichia, setal tip structure, inner structure of setae broken off at different parts), as well as attached remnants of arthropods were recorded (see Results for details).
MICROCOMPUTED TOMOGRAPHY (lCT)
To get insight in the muscular setup and joint morphology, we studied pedipalps of female Sabacon simoni (expanded and flexed tarsus) and male Dicranopalpus ramosus using lCT. These species were chosen because they differ greatly in the morphology and function of their pedipalps, with some of the most extreme modifications of all of the species studied here. Material that had been stored in 70% ethanol was dehydrated in a series of increasing ethanol concentrations and critical-point dried. Dried samples were glued onto plastic pipette tips with cyanacrylate glue and scanned with a SkyScan 1172 HR micro-CT (Bruker microCT, Kontich, Belgium) with an acceleration voltage of 40 kV and a voxel size of 1 lm. 3D images were reconstructed using NRecon 1.6.6 software and processed with AMIRA 6.0.0.
BEHAVIOURAL OBSERVATIONS AND HIGH-SPEED
VIDEOGRAPHY
Harvestmen collected alive were kept in plastic tubes with humid paper tissues under cool conditions (10-15°C). We carried out feeding trials with Holoscotolemon naturae (adults), Rilaena triangularis (nymph), Oligolophus sp. (nymph), Dicranopalpus ramosus (adults), Ischyropsalis carli (nymph), Sabacon simoni (nymphs), Sabacon sp. (nymphs), Dicranolasma pauper (adults and nymphs), Mitostoma chrysomelas (adults and nymph), and Paranemastoma quadripunctatum (adults). For observations of prey capture the animals were placed in plastic Petri dishes (diameter 6 cm) containing humid paper tissues and different species and sizes of living collembolans (Neanura cf. muscorum, Tomocerus spp., representatives of Entomobryidae and Symphypleona) collected on the campus of Kiel University. We also tried to feed individuals of Dicranopalpus ramosus that were resting on a wooden stick with aphids and psocopterans. Behaviour was observed and prey capture events were photo-or video-documented using an EOS 600D digital single-lens reflex camera (Canon Inc., Tokyo, Japan) equipped with a macro lens and an extension tube. Further, prey capture events were additionally filmed with a high-speed-video camera (Fastcam SA 1.1, Photron Inc., San Diego, CA, USA), equipped with a macro lens and using frame rates of 500-1000 fps. For high-speed videography an additional light source was used (Storz Techno Light 217, Karl Storz GmbH & Co. KG, Tuttlingen, Germany). For lateral views, an arena 24 9 32 9 15 mm made from cover slides glued together with dental wax (polyvinylsiloxane) was used.
Further, a literature survey on pedipalp usage and feeding biology was conducted and images taken by macro photographers in the field were assessed (Melvyn Yeo, Singapore, photo-stream: https:// www.flickr.com/photos/melvynyeo/sets/721576335383 72937/; J€ org Pageler, Oldenburg, kindly provided; Jan van Duinen, Odoorn, kindly provided; Hans-J€ urgen Thorns, Deggendorf, kindly provided). Pedipalp usage during copulation was analysed from image sequences recorded in captivity by Jörg Pageler (kindly provided).
PHYLOGENETIC ANALYSIS
Pedipalpal and setal characters were mapped onto a compiled phylogenetic tree following Giribet & Sharma (2015) ; Groh & Giribet (2014) ; Hedin et al. (2012); Sch€ onhofer (2013); and Shultz & Regier (2001) . No robust phylogenetic studies exist for the Phalangiidae; we used the relationships between subfamilies suggested by Buzatto, Mac ıas-Ord oñez & Machado (2013) . No material was available for a few rare but morphologically and phylogenetically interesting taxa. In order to include these in the analysis of characters, figures and descriptions from the following additional references were assessed:
Synthetonychidae: Synthetonychia cornua Forster, 1954 (Forster, 1954 ; Neopilionidae: Americovibone lanfrancoae, Ballarra drosera, Ballarra clancyi, and Plesioballarra crinis Hunt & Cokendolpher, 1991 (Hunt & Cokendolpher, 1991 ; Ischyropsalididae: Acuclavella merickeli Shear, 1986 : images by Casey Richards, published on Morphbank (http://www.morphbank.net); Nipponopsalididae: Nipponopsalis abei Sato & Suzuki, 1939 (Sato & Suzuki, 1939 Miyoshi, 1942) , Nemastomatidae: Paranemastoma bureschi Roewer, 1926 (Mitov, 2011) .
The pedipalpal characters traced were: (1) pedipalpal claw: (1a) enlargement, (1b) reduction, (1c) loss; (2) possession of spines (reinforced setae with highly elevated sockets); (3) possession of glandular setae; (4) patellar apophysis: (4a) hump-like, (4b) finger-like (elongated); (5) miniaturization of the tibio-tarsal joint; (6) tibia and tarsus significantly swollen; (7) glandular seta lacking in males; (8) glandular setae only present in juveniles.
The characters of glandular setae traced were: (9) plumose part: (9a) none (sensilla chaetica), (9b) only at tip (about one-seventh of setal length), (9c) at distal quarter to third of setal length, (9d) about half of setal length, (9e) significantly more than half of setal length, (9f) subapical cluster with radial arrangement (clavate setae); (10) anisotropy: (10a) none (microtrichia equally distributed around the shaft), (10b) slight, (10c) pronounced (setal 'back' free of microtrichia except at distal-most part); (11) terminal lobes of microtrichia: (11a) irregular branching, (11b) primarily bifid, (11c) primarily trifid; (12) tips of terminal lobes knob-like, swollen; (13) apical pore of seta with bulged brim; (14) lobes flanking the apical pore (in some specimens this character could not be evaluated because of contamination of the pore with remains of secretion): (14a) four, (14b) more than four (five to seven); (15) 'backing' of seta (side directed towards the harvestman body) with significant depression or deep trench: (15a) depression, (15b) depression with lateral bulges, (15c) trench-like invagination; (16) slit-like openings of the cuticular channels to the outside.
To trace characters we performed ancestral state reconstruction in MESQUITE 3.04 (Maddison & Maddison, 2015) using parsimony. The MESQUITE file including the character matrix and tree can be found in Supporting Information Appendix S1.
RESULTS
PEDIPALP MORPHOTYPES
Pedipalpal characters of the analysed species are summarized in Table 1 . Pedipalp morphology differs greatly amongst taxa and exhibits various modifications that may influence its function and use. Accordingly, we define the following morphotypes.
Leg-like
The pedipalp of the basal-most Cyphophthalmi ( Fig. 2A) exhibits the lowest degree of modification. The shape and proportions of segments are rather similar to those of the walking legs (with the exception that the metatarsus is missing as in all remaining opilionids). Spines, apophyses, or glandular setae are missing. The claw may be miniaturized with a knob-like tip instead of the usual hook-like shape (Fig. 2J) . The cyphophthalmid pedipalp is rather small, but equipped with various sensory organs.
Raptorial
The raptorial morphotype is typical for the Laniatores pedipalp. It is characterized by an enlarged, elongated, and highly pointed claw that lacks denticles and is highly flexible against the tarsus (Fig. 2K) . The tibia-tarsus segment is movable in a wide angle by modification of the tarsus as bending in its proximal portion, flattening (Holoscotolemon), or by joint miniaturization (Dibunus). The pedipalp is heavily sclerotized and equipped with large spines, which are stiff pointed bristles in highly elevated sockets, forming a capture basket. The spines are most prominent on the broadened tibia and tarsus, standing in two longitudinal rows. In some cases the spines may be partially or totally reduced, as in Cosmetidae and Sandokanidae. In adult cosmetids the femur and tibia are flattened and broadened. The tibia is concave on the ventral side. The prolateral margin of the femur bears a row of strong denticles. In some laniatorean families the femur and patella may be greatly elongated, positioning the raptorial clamp of tibia, tarsus, and claw more distantly (Stygnidae, Biantidae, Epedanidae; Fig. 2B ). In some species the front legs may be involved in the capture apparatus, being equipped with dense, long spines equal to the raptorial palps (many Podoctidae, some Triaenonychidae).
Synthetonychia: This genus is considered as the basal-most lineage of Laniatores (Sharma & Giribet, 2011) . Its pedipalp lacks some characters of the raptorial morphotype. Spines are lacking (except for a tarsal spur, which is restricted to males). The claw is immovable and small in comparison other Laniatores. The tibia-tarsus joint is not flattened or miniaturized, but the tarsus can be flexed against the tibia due to a bending in the proximal part.
Clamp
In pedipalps of Eupnoi (except Neopilionidae: Ballarrinae), both patella and tibia are shortened and thickened. The pivot angle of the joint between them is tilted sideways, such that flexion occurs laterally, not ventrally as usual (Fig. 3C ). There are uniquely two pairs of muscles that are attached at opposite sides of the hinge, thus permitting adduction and abduction (Fig. 3B and Shultz, 2000) . This helps to secure a food item between the pedipalps. The proximal part of the patella is bent in such a way that the joint stands at a flat angle to the tibia. The corresponding part on the femur is slanted and shifted ventrally; thus patella and tibia form a small angle (<50°) with the femur in rest. This enables a high degree of freedom of the femur-patella joint. Thick bundles of flexor muscle fibres are present in both the femur and tibia (Fig. 3A) . Extension of the femoro-patellar and the tibio-tarsal joint may be driven by elastic deflation of the joint membranes (Sensenig & Shultz, 2003 
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Rel. len., relative pedipalp length (pedipalp length divided by body length); cx, coxa; tr, trochanter; fe, femur; pa, patella; ti, tibia; ta, tarsus; prox, proximal part; dist, distal part; Dist. seg. thick., distal segments considerably thickened; elo., considerable elongation of pedipalps in males; g.s.
-, lack of glandular setae in males (replaced by sensilla chaetica); Rapt., raptorial; tenta., tentacle. +, character present; -, character absent; ?, unknown/not analysed; parentheses mean only weakly developed; claw sizes: S, small; M, medium; L, large; mod, claw modified.
6E, F) facing the tarsus in the flexed pedipalp, forming a capture basket. Apophyses (hump-or finger-like outgrowths) are often present at the prolateral-dorsal side of the patella, and occasionally distally on the tibia and femur, contributing to the formation of a median capture basket ( Fig. 2D , E). The apophyses are usually densely covered with glandular setae. The modifications in segment proportions and joint peculiarities may help in generating a strong grip by the large flexor muscles attached to in the femur, patella, and tibia.
Tentacle This morphotype is characterized by a lack (or at least strong reduction) of the pedipalpal claw, elongation of the patella, and a rounded distal tip of the tarsus ( Fig . Eupnoi: C, Gagrella cf. disticta (Sclerosomatidae). D, Megabunus rhinoceros (Phalangiidae); E, Dicranopalpus cf. pyrenaeus (Phalangiidae), juvenile; F, Ballarra longipalpis (Neopilionidae). Dyspnoi: G, Acropsopilio neozealandiae (Acropsopilionidae); H, Dendrolasma mirabile (Nemastomatidae); I, Mediostoma stussineri (Nemastomatidae). Condition of tarsal tip and pretarsus (claw): J, Meghalaya sp., claw reduced, knob-like tip; K, Dibunus similis (Dibunidae), enlarged raptorial claw (here flexed condition); L, Cynortellana quadrimaculata (Cosmetidae), juvenile, modified pretarsus, inset shows one of numerous pores at the bulbous region; M, Phalangium opilio (Phalangiidae), smooth claw; N, Amilenus aurantiacus (Phalangiidae), pectinate claw (arrowhead); O, Ballarra longipalpis, claw totally reduced, tarsal tip rounded; P, Mediostoma stussineri, claw totally reduced, tarsal tip tapered; Q, Acropsopilio neozealandiae, claw highly but not totally reduced (arrowhead). ap, apophysis; cs, clavate seta; cx, coxa; fe, femur; pa, patella; ps, plumose seta; pt, pretarsus (claw); sc, sensilla chaetica; ta, tarsus; ti, tibia; tr, trochanter. Scale bars:
and tarsus) may be swollen and/or curved dorsally (especially in Sabacon, Fig. 1H ). The tentacle morphotype has evolved twice, in the Dyspnoi (Fig. 2H, I ) and Eupnoi (Neopilionidae: Ballarrinae; Fig. 2F ), together with a dense coverage of glandular setae. At least on the tibia and tarsus these setae occur around the whole segment, in contrast to the clamp, where they are usually restricted to the prolateral and ventral sides. These pedipalps may be highly elongated and used as sticky whips. Glandular seta coverage may be partially (in adults) or totally reduced (Trogulidae, Ischyropsalididae), but the other mentioned characters are still developed. Very rarely spines are present on the femur (raptorial tentacle; only in juvenile Dicranolasma). The tentacle in Dyspnoi and Ballarrinae differs in some points, indicating their phylogenetic origin: The patellatibia and tibia-tarsus joints are bicondylic in the Ballarrinae, with the patella-tibia joint articulating laterally, as in the clamp morphotype. Further, the tarsus is much longer than the tibia (as for all Eupnoi), whereas these proportions are reversed in the Dyspnoi. The dyspnoid tentacle exhibits unique derivations of both distal-most joints (miniaturization). The proximal, articulating part of both the tibia and tarsus is constricted, which leads to a high degree of freedom of the joint. In Sabacon both joints are modified from the dicondylic to a monocondylic state, permitting torsonial movements additionally to dorsal-ventral movement. Acropsopilio (Acropsopilionidae): This genus, considered to be the sister group to the Dyspnoi (Groh & Giribet, 2014) , exhibits an intermediate form between the clamp and tentacle morphotypes (Fig. 2G ). The claw is reduced, but not totally absent as in Dyspnoi sensu stricto (Fig. 2Q ). The tarsus is shortened and the patella elongated, but the patella-tibial joint still exhibits a low degree of freedom. There are some spines on the femur, which -unlike those in the basal Eupnoi -are modified glandular setae.
RELATIVE PEDIPALP LENGTH
There is a negative allometry between body length and relative pedipalp length (pedipalp length per body length) in Palpatores (Fig. 4) . This relationship was found both when comparing different species as well as different instars of the same species. Relative pedipalp length is significantly higher in pedipalps with glandular setae than in those lacking glandular setae.
ONTOGENETIC VARIATION
Laniatores
In Cosmetidae the femur and tibia are flattened in adults (Fig. 5B ). In juveniles, the pedipalps are . Joint and muscle modifications in the eupnoid clamp morphotype. A, B, 3D reconstruction from microcomputed tomography images, with different segments differentially coloured. Joints in arachnid appendages are usually only operated by flexor muscles and extension is achieved by elastic transarticular sclerites or internal haemolymph pressure. The pivot of the patella-tibia joint is tilted, such that it articulates laterally. This joint is controlled by two pairs of opposing muscles. C, patellar joints in Metagagrella cf. formosa (Sclerosomatidae). cl-de, claw depressor muscle; cl-le, claw levator muscle; co, condyle; fe, femur; fe-ap, femoral apophysis; pa, patella; pa-ap, patellar apophysis; pa-fm, patella flexor muscle; ta, tarsus; ta-fm, tarsus flexor muscle; ti, tibia; ti-ab, tibia abductor muscle; ti-ad, tibia adductor muscle; tr, trochanter.
relatively longer and cylindrical (Fig. 5A ). The pretarsus (claw) is modified and is soft, bulbous, and equipped with a ventral dense brush of smooth setae and numerous pores (Fig. 2L) . The pores are present all over the distal patella, tarsus, and pretarsus and often contain residues of an amorphous secretion. Accordingly, in living cosmetid nymphs a sticky mucous was observed covering the distal pedipalp (G. Machado, pers. comm.) . The apical tip is long and filamentous, and a sclerotized claw is lacking.
Eupnoi
In Gagrellinae (Sclerosomatidae) the prolateral and ventral sides of the tibia, patella, and tibia in adults are armed with thick denticles but these are absent in juveniles (Fig. 6B, D) . In some species (Gagrella cf. disticta, Fig. 6C and Metagagrella cf. minax, Fig. 6A ), the juveniles bear glandular setae in similar places that are absent in adults (they are substituted in part by sensilla chaetica in adults). In Metagagrella cf. minax the juvenile pedipalp is equipped with an elongate patellar apophysis and a hump-like tibial apophysis. The latter is totally absent in the adult and the patellar apophysis is reduced in size (much shorter and thinner). Similar apophyses have previously been reported in juvenile Bastioides coxopunctatus (Tourinho, 2003) and adult Rongsharia spp. (Martens, 1981) . Glandular setae were not found in juveniles of Gagrella crassitarsis or Hypsibunus sp.
In the latter species the sensilla chaetica on the patella differed in juveniles, having a flattened shaft. In Phalangium opilio (Phalangiidae) the glandular setal coverage is highly reduced in adults (only a few on the patella in females and totally absent in males).
In juveniles of Dicranopalpus some glandular setae are modified as 'spines': the sclerotized shaft is highly elongated and the plumose part is reduced. These spine-like glandular setae are present on the lower surface of the femur and tibia, standing in a longitudinal row, and on the proximal femoral apophysis (Fig. 5E) . In Dicranopalpus ramosus, the hump-like apophysis on the distal tibia is reduced in adults.
Dyspnoi
Juvenile stages in the Dicranolasmatidae have glandular clavate setae that are lost in adults (Fig. 5D ). The juveniles further bear strong, spine-tipped tubercles on the femur (Fig. 5C) . A comparable ontogenetic variation has been reported for Nipponopsalis abei (Nipponopsalididae), with clavate setae only present in juveniles (Miyoshi, 1942) . The ontogenetic dimorphism of glandular seta possession may be synapomorphic for the lineage including Nipponopsalididae, Dicranolasmatidae, and Nemastomatidae. In Ortholasma and Dendrolasma (Ortholasmatinae), which show a head capsule, like Dicranolasmatidae and Trogulidae, the number of clavate setae is reduced (but not totally) in adults (Shear & Gruber, 1983) .
SEXUAL DIMORPHISM
Laniatores
Sexual dimorphism of the pedipalp is present in most Laniatores. In males the pedipalpal segments are often thicker and equipped with a higher number of spines (Kury, 2007) . In the basal Synthetonychidae, male pedipalps are much longer and bear a thick spine in the distal tarsus, forming pliers together with the claw (Forster, 1954) . In Sandokanidae, which lack spines in their pedipalps, nipple-like apophyses are present in the trochanter and the proximal part of the femur. These apophyses are more developed in males.
Eupnoi
In some Phalangiidae (see Table 1 ), males lack the glandular setae, which are replaced by sensilla chaetica (Fig. 7B, E, H) . In Dicranopalpus spp., the patellar apophysis is also much thinner in males (Fig. 7H) . In Phalangium opilio males, the pedipalps are also highly elongated (up to three times female pedipalp length).
The Protolophidae exhibit the most extreme sexual dimorphism of all members of Eupnoi. The female exhibits a typical, slender clamp-pedipalp with a finger-like, elongated patellar apophysis and dense coverage of glandular setae. The male pedipalp is massive and swollen, and equipped with longitudinal rows of denticles at the trochanter, femur, and tarsus. The femur and tibia are curved ventrally and form a strong clasp against each other.
In Sclerosomatidae, the pedipalps of males are often more massive and more strongly denticulate than in females. Some species of Leiobunum also have curved segments or heavy apophyses, forming a clasp against a flattened part of an opposing segment, a trait that is associated with antagonistic mating behaviour (Hedin et al., 2012; Burns et al., 2013) . In some Gagrellinae the tarsi of male pedipalps are swollen and bear a ventral row of denticles.
Dyspnoi
We found marked sexual dimorphism in pedipalpal length in Paranemastoma thessalum (Nemastomatidae), with males having longer pedipalps. This elongation, however, was highly variable within the specimen assemblage and in some males the pedipalp was not elongated at all. Such variation has previously been reported for Paranemastoma superbum (Martens, 2006) , but in other congeneric species this sexual dimorphism was not found. In highly elongate pedipalps, glandular setae were less densely distributed but never absent. In many Asian Sabacon species (Sabaconidae), the pedipalp of males bears mediodistal femoral denticles and is less swollen than in juveniles and females, thus being more nemastomatid-like (Suzuki, 1974; Martens, 2015) .
In male Nipponopsalis yezoensis (Nipponopsalididae), the tibia and tarsus are slightly swollen and flattened, forming a clasper. This sexual dimorphism is only known from this particular species of this genus (Suzuki, 1958) . Glandular setae are absent in both males and females.
In males of Nemastoma dentigerum (Nemastomatidae), the femur is swollen and curved ventrally, and distally bears a thorn that has also occasionally been found in 'andromorphic' females (Wijnhoven, 2014) . A mediodistal femoral thorn, in several species movable, is present in Centetostoma ventalloi, a single Nemastomella species, and all Histricostoma species.
ULTRASTRUCTURE AND CLASSIFICATION OF GLANDULAR SETAE
Glandular setae are setae that extrude a viscous secretion that accumulates at the distal end, forming a droplet (Fig. 8J-M) . The distal end (plumose section) is provided with microtrichia (plumes), which have a broad basis and tapers towards the tip. At the tip the microtrichia often branch perpendicularly. The shaft is sclerotized (dark coloured), rigid, and slightly corrugated with ridges. The ridges get more distinct towards the plumose part and may separate, as is the case in clavate setae. The plumose part contains thin tubular channels situated in the interface between the exo-and epicuticle (Fig. 9C, D , H). The channels have been shown to contain the secretory fluid and may have pores to the setal lumen or the outside (Wachmann, 1970) . The plumose section is less sclerotized and appears white or translucent under the light microscope. The cuticle is rather thin in this part, but equipped with parallel A B C D Figure 6 . Ontogenetic dimorphism in Gagrellinae. Scanning electron micrographs of pedipalp patella and tibia. A, B, Metagagrella cf. minax: A, juvenile with a large patellar and a small tibial apophysis and plumose setae; B, adult female with reduced patellar apophysis and lacking tibial apophysis, glandular setae lacking, strong denticles present. C, D, Gagrella cf. disticta: C, juvenile, with plumose setae (marked with circles); D, adult female, with denticles. pa, patella; ti, tibia. Scale bars = 200 lm.
thick rings (Fig. 9D , E, G) that allow a certain degree of bending. The plumose section begins rather suddenly and is marked by a slight depression of the cuticle below the developing microtrichia. The setal tip is free of microtrichia and shows a distinct pore, which is often flanked by lobe-like protuberances of the epicuticle. The tip usually protrudes the secretion droplet. Glandular setae are accompanied by secretory and dendritic cells [this was not proven for every type studied here, but presumed, as shown before for both plumose (Juberthie et al., 1981) and clavate setae (Rimsky-Korsakow, 1924; Wachmann, 1970) ]. Dendrites extend into the seta up to the tip, surrounded by a thin cuticular shell (Fig. 9B, J) . All characters except the possession of microtrichia are shared with sensilla chaetica (Figs 8A, X, 9A, 13). These are sensory setae that are easily recognized as they are usually much longer than the surrounding setae. Sensilla chaetica were previously hypothesized to be both contact chemoreceptors and mechanoreceptors (Spicer, 1987) . The glandular setal characters of the analysed species are summarized in Table 2 and illustrated in Figures 8, 9 , and 13. The glandular setae can be classified as follows by distinct microstructural characters that may determine their functional and mechanical properties, particularly the dimension and isotropy of the plumose part, the structure of microtrichial tips, and the presence of channel openings.
Plumose setae type 1 (ps1) In ps1 the plumose section is restricted to the distal seventh of the setal length, with its broadest width in the middle (Fig. 8B, N) . It shows slight anisotropy. The microtrichia branch irregularly and repeatedly ( Figs 8DD, 9K) . The branches end in a knob-like, swollen tip. The apical pore is flanked by four lobes (Fig. 8Y) . Channel openings were not found. This type is only found in Caddo (Eupnoi: Caddidae).
Plumose setae type 2 (ps2) The ps2-type is rather similar to the ps1-type, but the plumose section is longer and more slender (Fig. 8C, D) , and the microtrichial tips are less extensively branched. The plumose section occupies one quarter to one third of the setal length and has its longest microtrichia in the proximal third ( Fig. 8O , P). It shows slight anisotropy. At one side (here called 'reverse side') the basal part of the plumose section is free of microtrichia and exhibits a slight depression, where the cuticle is thinner, such that the inner rings become apparent (Fig. 8R) . The depression begins gradually below the plumose section. The microtrichia tips are usually bifid (Fig. 8GG ) but may also be irregularly branched (Fig. 8EE, FF ) or, in rare cases, trifid. The apical pore is flanked by four lobes. Channel openings were not found. This type is typical for the Phalangiidae but also found within Neopilionidae (Ballarra drosera).
Plumose setae type 3 (ps3)
In the ps3-type the plumose section occupies one third to one half of the setal length. The microtrichia are equally distributed around the cylindrical shaft (no anisotropy; Fig. 8Q ). The shaft is often highly sclerotized (dark colour) and the cuticular depression in the plumose section is less distinct. This gives the setae a spine-like appearance under the light microscope. The microtrichial tips are irregular (Fig. 8HH) , bifid, or trifid. The apical pore is flanked by four lobes. Channel openings were not found. This type is present in Sclerosomatidae and Protolophidae.
Plumose setae type 4 (ps4) In the ps4-type the plumose section occupies one half to two thirds of the setal length (Fig. 8F, G) . The basal shaft can be slightly curved forwards (especially in Ballarra). The anisotropy is extreme (few microtrichia at the back only in the distal-most part). At the back of the plumose part there is a depression in which the cuticle is thinner, such that the inner rings are visible (as in ps2 but much more pronounced; Figs 8S, U, 9F, G). The depression is flanked by longitudinal ridges (most developed in Ballarra). The microtrichia are bifid or branch irregularly, with knob-like tips. The apical pore is flanked by four long lobes (Fig. 8Z) . Channel openings were not found. This type is found in the Neopilionidae. ), but with secretion remnant in the grooves (arrowhead); NN, OO, detail of plumose seta, channel openings (arrowhead) radial around the shaft, widening towards the microtrichious part: NN, juvenile Dicranolasma pauper (Dicranolasmatidae); OO, Paranemastoma quadripunctatum (Nemastomatidae). ap, apical pore; co, slit-like channel openings; mt, microtrichium; rw, inner ringed walls. Scale bars: A-L = 10 lm; N-T, V = 5 lm; U, W, KK-OO = 1 lm; X-BB, DD-JJ = 250 nm; CC = 100 nm.
Plumose setae type 5 (ps5) In the ps5-type the plumose section occupies one third to one half of the setal length. There is pronounced anisotropy in the microtrichial coverage. A rear depression or trench is not present. There is no constriction below the plumose section as in ps1 or ps2; instead, the shaft gradually tapers towards the middle. The longitudinal ridges of the shaft get more pronounced in the plumose section. The epicuticle in the grooves within these ridges seems to be thinner as it is occasionally cracked in dried specimens. However, true slits like those in ps6 and clavate setae are lacking. The microtrichia are bifid or trifid and the branch tips are not knob-like swollen. The apical pore has a smooth margin. This type is found in Acropsopilio (Acropsopilionidae).
Plumose setae type 6 (ps6) The overall morphology of the ps6-type is rather similar to the ps4-type. The plumose section occupies one half to two thirds of the setal length (Fig. 8H ). There is a slight bend below the plumose part but no distinct constriction. The anisotropy is extreme (a few rear microtrichia in the distal-most part only). At the back of the plumose part, there is a trench-like invagination (Fig. 8T, V) . In the basal portion of the plumose part, there are slit-like openings of the secretion channels below and between the microtrichia (Fig. 8KK, LL) . The microtrichial tips are bifid or trifid and the branch tips can be slightly swollen ( Fig. 8II ; but not in Sabacon). The apical pore is flanked by four (Taracus) or six to seven (Hesperonemastoma, Sabacon) (Fig. 8AA) lobes. The brim of the pore can be significantly swollen (but not in Taracus). This type is found in Taracidae and Sabaconidae.
Clavate setae (cs) These are the most derived glandular setae with a set of unique characters. Clavate setae are shorter (30-40 lm) than the plumose ones (40-100 lm). The plumose part is restricted to a globular body at the distal three-quarters point of the shaft (Fig. 8I, W) . In consequence, the secretion droplet is of a globular shape (Fig. 8K ) in contrast to the plumose setae, in which it is oval or irregular (Fig. 8M) . The microtrichia are of variable length (longest usually in setae in the distal dorsal part of the tibia, accompanied by the largest droplets). The microtrichia are trifid (in very rare cases, i.e. Nemastomella dubia, bifid), and without knob-like tips (Fig. 8JJ) . The protruding tip is long (at least twice as long as the apical microtrichia) and flexible because of the thin epicuticle, under which the inner rings slightly protrude (Fig.  13) . The apical pore is flanked by five to six lobes (Fig. 8BB, CC) . Below the plumose part there are parallel slit-like openings of the secretory channels [ Fig. 8NN , OO; widening and opening of the grooves between the longitudinal ripples in the distal shaft ( Fig. 9I) ]. This type is found in Nemastomatidae and juvenile Dicranolasmatidae, and presumably in juvenile Nipponopsalididae.
Pseudo-clavate seta (p-cs) Hunt & Cokendolpher (1991) recorded a type of plumose setae in one Ballarra species (Neopilionidae: B. clancyi), which resembles the clavate setae in the following characters: plumose part restricted to a (nearly) globular body, trifid microtrichia, and long, protruding tip. It is not possible to evaluate the fine structure of the tip pore or whether channel openings occur on the basis of their scanning electron microscopy (SEM) images. As we did not find channel openings in the related B. longipalpis, it is presumed that they are also absent in the p-cs type of setae.
USE OF PEDIPALPS AND GLANDULAR SETAE IN PREY CAPTURE
The literature data on the feeding biology of Palpatores are summarized in Table 3 . Agile prey (requiring a capture and securing mechanism) is taken by the majority of harvestmen, which carry glandular setae. However, agile prey is occasionally also caught by species lacking this type of setae such as Leiobunum spp. or adult Dicranolasma pauper. These are reported to use both legs and chelicerae to grasp the prey (Gruber, 1993) . Agile prey constitutes only a small proportion of food in these harvestmen. Use of the pedipalps during prey capture was observed in a number of species in the present study. Prey capture could not be induced in lab trials with Dicranopalpus ramosus, Paranemastoma quadripunctatum, Dicranolasma pauper, Ischyropsalis carli, or Holoscotolemon naturae, presumably because these photophobic species were disturbed by the strong light source necessary to achieve high enough video frame rates at sufficient magnification. By contrast, the observation of prey capture was comparatively easy in M. chrysomelas and Sabacon spp., which seemed to be less affected by the light (although these species also usually hide in daytime, and presumably are nocturnal). Single observations were made of Rilaena triangularis and Oligolophus sp. Recordings of previously unpublished observations of harvestmen carrying food items in the field were also added to our data.
Eupnoi
We observed a juvenile Rilaena triangularis (Phalangiidae) successfully capturing a springtail. The capture movement was very sudden, occurring when the springtail touched a front leg of the resting har-vestman. The harvestman quickly jumped forwards onto the springtail, grasping it with its spine-armed pedipalps.
We also recorded an attack by an Oligolophus nymph on a springtail. The harvestman seemed to recognize the springtail from a distance, initiating a careful approach and then stopping just in front of the springtail. The harvestman then stretched its hind legs and elevated its body, slightly tilted forwards, facing the springtail. In this posture it made some stealthy movements forwards and then rested for a moment. It then suddenly jumped forwards onto the springtail with its pedipalps extended. It just missed the springtail, which jumped away. Further capture attempts were not observed. Additionally, an adult Oligolophus tridens was observed taking a poduromorph springtail. These caterpillarlike and slow-moving springtails were refused as prey items by the dyspnoid harvestmen tested.
When collecting material in the field, we observed an Odiellus troguloides individual carrying a dead wasp three times larger than itself. We assume that it was taken already dead as it seems unlikely that this harvestman species, with its short legs and small pedipalps and chelicerae, would be able to overwhelm a living wasp.
Photos by M. Yeo taken in the field show several unidentified Gagrellinae with food items (N = 33), most frequently fungi (N = 11) (Fig. 10D) . The remaining items were fruits (N = 3), freshly moulted arthropods (a moth and an ant), a butterfly pupae, a beetle larva, a mouldy salticid spider, moths (N = 3), Figure 9 . Inner structure of glandular setae. Scanning electron micrographs of broken setae. A, broken shaft of sensillum chaeticum, Hesperonemastoma modestum (Taracidae), radial cuticular channels, inner ring walls, and dendritic sheath visible. B, broken plumose part of glandular seta, Thrasychirus gulosus (Neopilionidae), dendritic sheath visible. C, broken shaft of plumose seta, Sabacon sp. D, broken shaft of plumose seta, Hesperonemastoma modestum. E, broken plumose part, Dicranopalpus ramosus. F, G, broken plumose part, Ballarra longipalpis. H, I, broken shaft of clavate seta, Dendrolasma mirabile: I, close to the microtrichious part, channels open to the outside (arrowhead). J, broken tip of clavate seta, inner dendrite visible, Paranemastoma quadripunctatum (Nemastomatidae). K, broken plumose part, Caddo agilis, microtrichia are composed of epicuticle only and obviously filled with secretion. bd, backing depression; ch, secretion channel; de, dendrite; ds, dendrite sheath; ep, epicuticle; gm, granular material; lu, setal lumen; mt, microtrichia; rw, ringed walls; tr, backing trench (invagination). Scale bars: A-F, H-K = 0.5 lm; G = 250 nm. , ants (N = 3), wasps (N = 2), a crab spider, a spider leg, a scorpion, and a centipede, unclear if caught alive. The pedipalps hold the (often large) prey items, primarily with the claws. One of the moths was obviously spun in spider silk, indicating that these harvestmen are also kleptoparasitic. A photo of a species of Sandokanidae eating a snail was also taken. Photos by J. Pageler show individuals of Rilaena triangularis eating wasps (Symphyta, N = 2) and a mosquito (Fig. 10B) , a Phalangium opilio individual eating a beetle, a juvenile Opilio canestrinii eating a psocopteran (Fig. 10C) , and a Dicranopalpus ramosus eating a fly. J. Pageler successfully fed and photo-documented individuals of Odiellus spinosus with dead dipterans. J. van Duinen observed and photo-documented the prey capture of a springtail by a juvenile Rilaena triangularis in the field (Fig. 10A ).
Dyspnoi
We successfully filmed 38 prey capture events by adult and juvenile M. chrysomelas (Nemastomatidae) and 12 prey capture events by juvenile Sabacon spp.
(Sabaconidae). The harvestmen caught different species of agile entomobryomorph and symphypleonan springtails, whereas the plump poduromorph springtails were refused. In most cases the harvestmen actively searched for prey when they recognized their presence in the tank. In Mitostoma chrysomelas this searching behaviour included waving and tapping movements of the second leg pair and a simultaneous extension and retraction of both pedipalps, but without touching the substrate. In Sabacon spp. the pedipalps were held forwards with tibiae flexed (such that their concave sides faced forwards) and tarsi extended. Sooner or later the harvestman touched a springtail, which then was immediately affixed to the pedipalps, despite a heavy struggle. The harvestmen immediately reacted by flexing the pedipalp tarsi (clasping the legs, furca, or antenna of the prey), stretching the legs, and elevating the body to prevent ground contact by the springtail. When the springtail was secured between both pedipalps it was grabbed with the chelicerae and dismembered. With this strategy the harvestmen were able to overwhelm prey even larger than themselves. In Mitostoma chrysomelas it was obvious that the predatory technique relies entirely on the stickiness of the glandular setae. In some cases the springtails were able to escape by shedding their scale-like setae [see Wolff et al. (2014) for more details, statistics, and discussion of predator-prey interaction and counter-adaptations of springtails]. Sabacon spp. used grasping and clamping movements more extensively and the prey was more quickly transferred to the chelicerae. It seems that *Based on microscopical images and descriptions in Hunt & Cokendolpher (1991) . † Based on drawings and descriptions by Sato & Suzuki (1991) . ps1-6, plumose setae types 1-6; cs, clavate setae; Clav., clavate; irreg., irregular. ?, indicates an unknown character state.
-, absent; +, weakly developed;
++,
highly developed; ?, unknown (not analysed). Rel. len., relative pedipalp length (pedipalp length divided by body length); Gland., glandular; Rapt., raptorial; tenta., tentacle; L, leg (L1 means the first anterior pair of legs); doc., documented.
representatives of this genus do not totally rely on the sticky secretion of the glandular setae, although it is obvious that the prey is partly affixed by the secretion. Both species were able to pursue previously detected prey with surprisingly fast and directed movements. H.-J. Thorns also photo-documented the capture of different springtails by M. chrysomelas, and A. Sch€ onhofer a juvenile Sabacon cavicolens eating a symphypleonan springtail in the field (Fig. 10G) . J. Pageler successfully fed and photo-documented individuals of Trogulus martensi (Fig. 10F ) and an Ischyropsalis kollari (Fig. 10E ) with snails.
Food remnants on glandular setae
We frequently found remnants of small arthropods between or attached to the microtrichia of glandular setae. Those remnants were rarely found at other locations on the pedipalp. A variety of large setae (scalelike, bristle-like, pinnate, and plumose setae) may originate from pterygote insects or other arthropods, such as spiders. These remnants were found especially in larger species such as female Dicranopalpus ramosus (Phalangiidae), Protolophus singularis (Protolophidae) (Fig. 11E) and Gyas annulatus (Phalangiidae), but also in the smaller Ortholasma coronadense and Pyza bosnica (Nemastomatidae) ( Table 3) . Figure 10 . Use of pedipalps during feeding. All macro photographs, except (E) and (F), taken in the field; (E) and (F) taken in captivity. A, B, Rilaena triangularis (Phalangiidae), the prey is held between the pedipalps, glandular setae partly in contact and contaminated with prey setae: A, juvenile feeding on a captured springtail; B, adult feeding on a mosquito. C, juvenile Opilio canestrinii (Phalangiidae) feeding on a psocopteran insect. D, unidentified Gagrellinae feeding on fungi, which is held both with pedipalpal claws and chelicerae. E, Ischyropsalis kollari (Ischyropsalididae) feeding on snail; the pedipalps are only used as feelers. F, Trogulus martensi (Trogulidae) feeding on snail; the pedipalps are highly reduced and enclosed in tergal processus, thus not visible. G, Sabacon cavicolens feeding on captured springtail. The most frequent remnants found were detached scale-setae of epigaeic springtails (Collembola: Entomobryomorpha). Scales have independently evolved multiple times amongst springtails and may cover the whole body, including legs and furca (Zhang et al., 2014) . They detach easily, enabling the animal to escape when glued (Bauer & Pfeiffer, 1991; Wolff et al., 2014) . Springtail scales were frequently found on the small soil-dwelling Caddo agilis (Caddidae; Fig. 11B ), Nemastoma lugubre, and M. chrysomelas (Nemastomatidae), and in smaller amounts in the larger Megabunus rhinoceros, Dicranopalpus cf. pyrenaeus (Phalangiidae), Thrasychirus gulosus, Ballarra longipalpis (Neopilionidae), Taracus sp. (Taracidae), and Mediostoma humerale (Nemastomatidae).
Other remnants that were found frequently were socalled brochosomes. These are 'football-like' microbodies that have been shown to be secretory products of leafhoppers (Hemiptera: Cicadellidae; Day & Briggs, 1958) . This large family of herbivorous insects is distributed worldwide, with hotspots of diversity in tropical regions (Oman, Knight & Nielson, 1990; Nielson & Knight, 2000) . Bristowe (1949) previously reported the consumption of leafhoppers by Leiobunum blackwalli (Sclerosomatidae) and Mitopus morio (Phalangiidae). Brochosomes were found in high densities on glandular setae of Thrasychirus gulosus (Neopilionidae; Fig. 11D ) and Dicranopalpus ssp. (Phalangiidae; Fig. 11C ) (of which the latter at least is arboricolous), and also on Phalangium opilio (Phalangiidae) and, in traces, on Nemastoma lugubre (Nemastomatidae).
USE OF PEDIPALPS IN COPULATION AND GROOMING
In both Phalangiidae and Sclerosomatidae the males were found to use their pedipalps to secure the partner during copulation (Table 4 ). The extent of pedipalpal usage varies considerably. In Mitopus morio and Paroligolophus agrestis (Oligolophinae), the pedipalp was usually slightly flexed over the femur of . Prey remnants on glandular setae. Scanning electron micrographs (SEMs). A, cryo-SEM image of collembolan setae adhering to clavate setae of Mitostoma chrysomelas (Nemastomatidae) after touching the pedipalp with an entomobryomorph springtail (see Wolff et al., 2014 ; for details of experimental procedure). B, scale-like collembolan setae (arrowheads) between plumose setae, as frequently found in conserved material of Caddo agilis (Caddidae). C, leaf hopper brochosome (arrowhead) between microtrichia of a plumose seta of a juvenile Dicranopalpus cf. pyrenaeus (Phalangiidae). D, large number of brochosomes adhering to the remnants of the secretion of a plumose seta in Thrasychirus gulosus (Neopilionidae). E, plumose setae on the patellar apophysis of Protolophus singularis (Protolophidae), highly contaminated with foreign setae (arrowheads). Scale bars: A, B = 10 lm; C = 250 nm; D = 1 lm; E = 50 lm.
the female's front leg, but was not used in every case observed here. In Rilaena triangularis and Phalangium opilio (Phalangiinae), the pedipalps are tightly twined around the bases of legs 1-2 or 1-3, respectively (Fig. 7C, F) . In Leiobunum spp. (Leiobuninae), the males likewise grab the bases of the female's front legs. In Dicranopalpus ramosus (Dicranopalpinae), the male clasps the female's front leg using its pedipalpal patellar apophysis (Fig. 7I) . A copulation of Phalangodidae photo-documented by M. Yeo indicates that in Laniatores males secure females by grabbing their pedipalps. Observations on Leiobunum blackwalli (Sclerosomatidae) and Opilio canestrinii (Phalangiidae) show that the pedipalps play an important role in grabbing and securing the walking leg tarsi when groomed with the chelicerae.
CHARACTER TRACING
Character gains are marked in Figures 12 and 13 (character losses/reversions are not depicted). The pedipalpal claw has been lost multiple times within Ballarrinae (Americovibone and Ballarra clancyi + Ballarra longipalpis) and in Dyspnoi s.s. (excluding Acropsopilionidae). A patellar apophysis is apomorphic to Phalangiidae (in its basal state hump-like; in Dicranopalpus secondary finger-like), and has evolved independently in Protolophidae (finger-like), Gagrellinae, and Enantiobuninae (Thrasychirus and Tercentarium). A stalk-like constriction of the proximal tarsus near the tibio-tarsal joint that increases the freedom of movement is apomorphic to Dyspnoi s.s., and has evolved independently in some Laniatores. This state is reversed in Ischyropsalididae and Trogulidae. Spines of Laniatores and Palpatores are considered as homoplasic because of their different position (Laniatores: most prominent spines on tibia and tarsus, in two lateral rows; Palpatores most prominent spines on femur, in single median row). A further argument for the homoplasy of the spines in these taxa is their absence in the basal-most Laniatores (Synthetonychia). Spines evolved multiple times amongst Palpatores (their homology amongst Phalangiidae cannot be resolved because of the uncertain relationships within this family), and analogously in Dicranolasma (juveniles). Glandular setae are apomorphic to Palpatores. Their lack is a secondary state. From our ancestral state analysis it is unclear if the glandular setae found in some Gagrellinae are homologous with those of the other Palpatores as they are commonly absent in Sclerosomatidae. However, because their ultrastructure is very similar to the glandular setae of Protolophus (ps3), we presume their homology here. Plumose setae of type 1 (with plumose part only one seventh of setal length) are restricted to Caddidae, and are considered to represent the ancestral state of glandular setae in Eupnoi (see Discussion). Plumose setae of type 5 are restricted to Acropsopilionidae and are considered to represent an ancestral state of glandular setae in Dyspnoi. Anisotropy of the plumose part is a plesiomorphic state of glandular setae. Highly anisotropic plumose setae with an extended plumose part and a rear depression or trench have independently evolved in Neopilionidae (ps4) and Sabaconidae + Taracidae (ps6). In the plesiomorphic state the terminal lobes of microtrichia branch Burns et al. (2013) Sex. dim., sexual dimorphism; Rapt., raptorial; elo., considerable elongation of pedipalps in males; g.s.
-, lack of glandular setae in males (replaced by sensilla chaetica); L, leg (L1 first anterior leg pair); doc., documented. À, absent; +, present. irregularly and have knob-like tips in the Eupnoi, and are trifid with smooth tips in the Dyspnoi. Bifid tips are always derived states (amongst Eupnoi apomorphic to part of Phalangiidae, and to Protolophidae and Gagrellinae; amongst Dyspnoi to Acropsopilionidae and to Taracidae). The trifid state is homoplasic amongst Eupnoi and has independently evolved in Phalangium, Protolophidae, and Neopilionidae. The clavate setae of Nemastomatidae and of juvenile Dicranolasmatidae and Nipponopsalididae are considered to be homologous because of their similar ultrastructure. In the Trogulidae clavate setae have been lost. Slit-like openings of the secretion channels to the outside are apomorphic to Dyspnoi s.s.
DISCUSSION HOW IMPORTANT IS ACTIVE PREDATION FOR HARVEST-MAN FEEDING?
Many harvestmen species are regarded as omnivorous. This would imply that predation on arthropods is not obligatory. However, food quality experiments with Rilaena triangularis (Phalangiidae) showed a high mortality rate when fed exclusively on annelids or gastropods (despite successful food uptake), whereas the rate was significantly lower when fed on living flies, aphids, or fresh meat (Hvam & Toft, 2008) . A similar experiment with Oligolophus tridens showed a significantly higher survival rate when fed with epigaeic springtails (Entomobryidae) or Drosophila melanogaster than when fed with hypogaeic springtails (Isotomidae) or aphids (Hvam & Toft, 2005) . This shows that reports of harvestmen refusing mobile prey should be treated with caution if they are obtained from feeding trials in captivity. It further shows that small, agile insects are of important nutritional value. Indeed, the capture of agile prey (in smaller species mainly springtails or fruit flies; in larger species flies or hymenopterans) has been recorded for numerous harvestmen (Table 3) . Its refusal is only reported for Trogulidae (which instead prey on living snails). This suggests that most Palpatores are excellent predators that depend on freshly killed prey for successful development and survival. Other frequently exploited food sources might provide supplemental nourishment.
Harvestmen have evolved adaptations to overcome agile prey. Both our observations and literature data underline the importance of pedipalps in prey capture (Table 3 ). The contradictory report by Immel (1955b) , who reported that the pedipalps play no role in prey capture in Paranemastoma quadripunctatum (Nemastomatidae), is doubtful because these very fast movements were observed in a low-light situation.
PEDIPALPS -MULTIFUNCTIONAL TOOLS
The opilionid pedipalp is an appendage typically located at the frontal side of the body, in close proximity to the first two leg pairs, the chelicerae, and mouthparts, as well as to the genital operculum/ reproductive organs. The pedipalps can physically interact with all of these structures, resulting in different behavioural traits, such as grooming and assisting the chelicerae in prey-handling. Above all, the multifunctionality of pedipalps is further supported by the presence of numerous additional adaptations that may play a role in e.g. courtship and mating behaviour, male-male fights, and preycapture. The different functions of the pedipalps are discussed in the following.
Sensing
To enable the pedipalps to perform their multiple tasks they are equipped with a variety of sensory structures. In Laniatores the pedipalps seem to be of minor importance as sensory tools (Costa & Willemart, 2013) . This is reflected by their sparse equipment with sensilla. However, in most opilionid species of the other suborders studied thus far, the pedipalpal tarsus is the site with the largest numbers and the highest densities of sensilla. Sensilla chaetica, which are probably chemo-and mechanoreceptors, occur scattered over the whole tarsal surface (Willemart et al., 2009; Wijnhoven, 2013) . They may function in assessing potential food items and sensing objects at touch. In M. chrysomelas and Sabacon sp. we frequently found a response of the harvestman after a collembolan had touched the pedipalp. Female Leiobunum sp. in search of microsites for egg deposition have been observed to crawl into crevices and holes and to explore them with the pedipalps (Wijnhoven, 2011). The first and second pair of legs also have many types of sensory structures that are used by harvestmen to investigate their wider surroundings and possibly to locate potential prey. An experiment with Paranemastoma quadripunctatum showed that if the pedipalps were removed it was still capable of finding prey (Immel, 1954) . When studying in detail the SEM micrographs of the pedipalps we observed that apart from the sensilla chaetica, most other sensilla (such as the sensilla basiconica and solenidia) were concentrated at the posterodorsal side of the pedipalpal tarsus, whereas the majority of plumose setae were located on the dorsal to prolateral side. These different distributions probably reflect their different functions (Wijnhoven, 2013) .
Prey capture
Agile prey is caught with the help of the front legs, pedipalps, and/or chelicerae. Prey capture may be one of the key functions of pedipalps in most harvestmen and the evolutionary driving force that led to the observed diversity in pedipalpal morphotypes. This will be discussed in detail further below.
Food handling/securing
When dismembering and chewing a food item, it is held and moved about by the pedipalps, especially in the Eupnoi (Fig. 10A-D ; Acosta & Machado, 2007) . This may be especially important while a living prey item is eaten. As harvestmen lack venom glands to immobilize their prey it can remain struggling over a long period of time. Prey loss is avoided by using the chelicerae alternately, in such a way that one chews and the other one stays grasping, and by a strong grip with the pedipalps.
Defence
The raptorial pedipalps of Laniatores are occasionally used as defensive weapons against predators (Pereira et al., 2004; Gnaspini & Hara, 2007) . Males of Chavesincola inexpectabilis (Gonyleptidae) guard their females' clutches and chase off other aggressive males with strikes of their pedipalps (Nazareth & Machado, 2009 ). This has also been observed in the egg-guarding females of Heteromitobates albiscriptus (Gonyleptidae) (Willemart & Gnaspini, 2004) .
Contest
A fight for territory or females occurs in some Neotropical Laniatores (Buzatto & Machado, 2008) . Males attack each other using their massive raptorial pedipalps. In Phalangium opilio (Eupnoi: Phalangiidae) the elongated pedipalps are not only used to secure the female during copulation, but also to clamp opponent males in contests (Willemart et al., 2006) . Pedipalps may also be used in interspecific competition for food. Willemart (2002) observed Heteromitobates discolor attacking by extending the pedipalps and attempting to pinch a Neosadocus variabilis that was eating. The latter then ran off.
Mating
Most harvestmen exhibit sexual dimorphism of the pedipalps, indicating their role in mating. In Eupnoi the male pedipalp is frequently used to secure the female during copulation by grasping the basis of its front legs (see section Use of pedipalps in copulation and grooming in the Results and Table 4 ). Sexual dimorphism is also present in some Dyspnoi (i.e. male 'claspers' in Nipponopsalis yezoensis, spines and denticles in males of some Sabacon, Nemastoma, and Histricostoma), indicating that the pedipalps may also play a role in female securing in this group. In Paranemastoma quadripunctatum it was observed that both partners intertwine their pedipalps during copulation (Immel, 1955a) . In Laniatores both partners often interlock their pedipalps with the partner's legs, and females may also use their pedipalps to manipulate and guide the penis of the partner (Machado & Mac ıas-Ord oñez, 2007) .
Substrate attachment
The pedipalp may have a supporting function in climbing locomotion and resting on vertical or overhanging surfaces. Aggregating individuals of Leiobunum paessleri (Eupnoi: Sclerosomatidae) attach themselves mainly by their pedipalpal claws to rough substrates (hanging from cave ceilings) or to each other (Cockerill, 1988; Wijnhoven, 2011) .
Grooming
In Eupnoi the pedipalp is used to hold the leg when grooming the tarsi with the chelicerae. Additionally, the ovipositor or penis may be groomed with assistance from the pedipalps.
FORAGING -THE PRIMARY ADAPTIVE FUNCTION FOR PEDIPALPAL EVOLUTION?
The results of our analysis strongly indicate that certain pedipalpal characters are primarily related to prey capture, or at least prey retention, resulting in the observed high diversity of morphotypes.
Types and distribution of sensory organs: Many types of sensilla are contact chemoreceptors and mechanoreceptors, with their highest densities at the tarsal tip and often the ventral parts of distal segments. These come into play when something is grasped and manipulated with the pedipalps. The quality and agility of food items are presumably assessed in this fashion. Slit sensilla were frequently found at the narrowed femoral base of dyspnoid pedipalps. These may provide information on cuticular stresses working in relation to the size and agility of held prey items.
Spines: Harvestmen whose pedipalps are equipped with spines use them in a raptorial way. This was observed in Discocyrtus pectinifemur (Laniatores: Gonyleptidae; Costa & Willemart, 2013) , Platybunus bucephalus (Eupnoi: Phalangiidae) (Immel, 1955a) , Rilaena triangularis (Eupnoi: Phalangiidae; this study), and juvenile Dicranolasma pauper (Dyspnoi: Dicranolasmatidae; Dahl, 1903; Gruber, 1993) . In Laniatores the existence of male contests may also play a role, but usually in juveniles and females the spination is similarly developed; thus, this does not play the dominant role for spine evolution.
Glandular setae: When discovered, the glandular setae were believed to be sensory organs (Hansen, 1903) . Later it was proposed that they are used as a prey capture device, supported by the observation that their secretions are sticky (Schwangart, 1907; Rimsky-Korsakow, 1924; Wachmann, 1970) . Our observations confirm this hypothesis, although we assume that these setae still have an important sensory function that comes into play in prey capture.
Segment modifications:
The pedipalpal segments often show modifications, such as apophyses, shifts in joint angles, bends, or swellings. Most are related to a clamp mechanism or the formation of a capture basket between both pedipalps, which we will discuss in the following.
SNAPPING AND CLASPING MECHANISMS IN MODIFIED PEDIPALPS
Hyperbendable joints A high degree of freedom of the tibia-tarsus joint has evolved in both the raptorial morphotype of Laniatores and the tentacle morphotype of Dyspnoi. By this means the tarsus can be flexed against the tibia and parts of the prey can be clamped within. This must in turn increase the effectiveness of spines or sticky setae. In Laniatores there is a trend of femoral and patellar elongation, which leads to an increase of the action radius of the raptorial clamp. This may be beneficial for the capture of large, vigilant, or dangerous prey. Figure 13 . Structure and evolution of pedipalpal glandular setae. Drawings reconstructed from scanning electron images (this study and Hunt & Cokendolpher, 1991) and transmission electron images (Wachmann, 1970; Juberthie et al., 1981; Guffey et al., 2000) ; schematic illustration of droplet shape and dimension based on stereomicroscope images of living harvestmen and macro photographs. Origin of setal characters marked (for details, see main text): (9a) sensilla chaetica (no plumose parts); (9b) plumose part restricted to tip; (9c) plumose part distal quarter to third of setal length; (9d) plumose part about half of setal length; (9e) plumose part significantly more than half of setal length; (9f) clavate; (10a) no anisotropy; (10b) slight anisotropy; (10c) high anisotropy; (11a) terminal lobes of microtrichia irregularly branched; (11b) microtrichia bifid (origin within Phalangiidae unclear, because intrafamiliar phylogenetic relationships highly unresolved); (11c) microtrichia trifid; (12) tips of terminal lobes knob-like, swollen; (13) brim of apical pore swollen; (14a) apical pore flanked by four lobes; (14b) more than four lobes (origin unclear, may be plesiomorphic as this character is shared with sensilla chaetica); (15a) depression at setal backing; (15b) backing depression confined by thick bulges; (15c) backing with trench-like invagination; (16) Shear (1975 Shear ( , 1986 , Shear & Gruber (1983) , Zhang & Zhang (2013) and of Ballarrinae after Hunt & Cokendolpher (1991) . Habitus of Mitostoma chrysomelas (above) and Ballarra longipalpis (below), showing similarities and differences of the convergent tentacle pedipalp morphotype.
The clamp morphotype
The clamp morphotype of eupnoid pedipalps may be an adaptation to secure agile or/and large prey items as it permits the execution of high clasping forces. Thick femoral spines (basal Eupnoi), strong denticles (Sclerosomatidae), or sticky glandular setae help to get a good grip of the item. The modification of the patella-tibia joint may help to secure the prey between the pedipalps.
The role of apophyses Apophyses may increase the area covered by glandular setae and may form a capture basket together with the flexed tibia and tarsus. They are a barrier for a prey held between the pedipalps. This may help in restraining and holding down struggling prey. Apophyses always occur on the prolateral side of the pedipalp, which may support this argument. The extreme elongation of the patellar apophysis in Dicranopalpus functionally leads to a pincer-like clamp similar to the chelae of scorpion pedipalps. Although we observed that males may use it to grasp the female front legs during copulation, we do not know how important this grasping is, as the male chelicerae are also used in precopulatory behaviour to stabilize both bodies. It remains unknown whether it is also used in prey capture as we could not observe hunting behaviour in this nocturnal and arboreal species. High densities of foreign setae and brochosomes adhering to the glandular setae of the apophysis indicate that these harvestmen are predators of other arthropods.
THE ROLE OF GLANDULAR SETAE IN FEEDING
BIOLOGY
Spinose capture devices as represented by the laniatorid raptorial pedipalp are effective means of prey capture. This is reflected by the widespread occurrence of similar appendage modifications, e.g. in pedipalps of whip-spiders (Amblypygi) or raptorial legs of certain insects, such as praying mantids (Mantodea) or mantisflies (Neuroptera: Mantispidae). Raptorial legs, however, may not be very effective in capturing and retaining small prey, as this demands a very coordinated grabbing movement and small spacing between the spines (which in turn limits the effectiveness in capturing large prey). Sticky secretions, by contrast, do not exhibit these limitations (but see below for larger prey). The Caddidae and Acropsopilionidae, which separated early from the other Palpatores carry both glandular setae and femoral spines, suggesting that this is an ancestral state. The glandular setae are distributed mainly on the prolateral sides, indicating a supporting role in prey capture and securing the prey between both pedipalps when dismembering. That these setae have an adhesive function is supported by the finding of collembolan scales attached to them.
Phalangiids with a high density of glandular setae have been reported to be able to capture fast-moving prey such as flies or springtails (see Table 3 ). In those that additionally bear spines, the pedipalps (raptorial-clamp morphotype) are the primary prey capture tools, although they can be relatively short. In phalangiids lacking the spines, other appendages are also used for prey capture, and other food sources are also frequently exploited. In Mitopus morio the prey (fly) is either first caught with the legs and then secured with the pedipalps (Phillipson, 1960) or directly grasped with both pedipalps and chelicerae (Frank, 1937) . In Oligolophus tridens the prey is grasped with both pedipalps and chelicerae. In most Eupnoi the number of glandular setae is reduced on the tarsus. Glandular setae are related to costs, such as the production of the adhesive fluid, or an increased demand of grooming. Thus, they might only be beneficial in harvestmen that are primarily predators of small, agile animals. The absence of glandular setae in the distal tarsal parts of Phalangiidae and Neopilionidae (excluding Ballarrinae) may reflect the broad prey spectrum of these harvestmen: food items can be handled without contaminating the glandular setae, but on demand, an agile prey can be captured and secured by pulling it between the median parts of the pedipalp.
Further, in Eupnoi, glandular setae may be important in exploiting an abundant food source (especially in tropical regions): leafhoppers, as indicated by the frequent finding of brochosomes attached to the plumose parts of the setae. In epiphytic microhabitats leafhoppers and aphids may play a similar role as a food source as do springtails in soil habitats. Leafhoppers and springtails are capable of large escape jumps and may be hard to catch without special adaptations of the pedipalp. Both springtails (Noble-Nesbitt, 1963 ) and leafhoppers (Rakitov & Gorb, 2013) have evolved hardly wettable body surfaces, which may have represented a high selective pressure on the function of harvestmen glandular setae and their secretions.
In the Sclerosomatidae glandular setae are restricted to juveniles or are (in most cases) totally absent. Sclerosomatids are reported to be omnivorous, feeding on living and dead animals, fruits and seeds, and fungi (see Table 3 ). This indicates that these are not obligate predators, and glandular setae are thus not beneficial. However, in their place (prolateral and ventral sides and apophysis, if present) there are often thick, highly sclerotized denticles that may generate strong friction/interlocking with the surface of a prey item, assisting in prey retention. In addition, the claws, which are serrated in this family, may play an important role. We found that, at least during feeding, prey items are often held with the claws.
In many Dyspnoi, and analogously in the Ballarrinae (Neopilionidae), the tentacle-morphotype has evolved. These harvestmen are rather small and are epigaeic, hypogaeic, or cavernicolous. They are presumably obligate predators: a gut content analysis showed that springtails are the dominant component of the nemastomatid diet (Adams, 1984) . Springtails are a dominant and ubiquitous food source in soil habitats worldwide (Hopkin, 1997) , and of high relevance for arthropod predators (Bilde, Axelsen & Toft, 2000) . Both harvestmen and collembolans evolved very early, with the oldest fossils known from the Devonian (400 Mya; Dunlop et al., 2003; Whalley & Jarzembowski, 1981) . However, springtails may be hard to catch because of their jumping capabilities. We think that the tentacle morphotype is an adaptation to exploit this food source. Its evolution is correlated with modifications of the glandular setae, which are presumed to enhance its function.
In most harvestmen exhibiting the tentacle morphotype (Nemastomatidae, Sabaconidae, Taracidae, and Ballarrinae), glandular setae have outstanding importance for prey capture. This is reflected by their presence on the distal parts (here on both proand retrolateral, as well as on dorsal and ventral sides). When capturing springtails, usually no other appendages are used (Wolff et al., 2014 , and this study). Thus, the animal totally relies on the sticky secretion of its glandular setae.
However, in some harvestmen with the tentacle type of pedipalps, glandular setae are absent. Our phylogenetic character mapping indicates that this is an apomorphic state. It is obviously related to a change in the feeding habit, as in the Trogulidae or some Ischyropsalididae, which are specialized on snails (see Table 3 ; Fig. 10E, F) . Preying on (slow) snails does not demand a grasp and supplementary attachment mechanism. In the Dicranolasmatidae, there is a change in the food spectrum and prey capture behaviour throughout ontogeny, reflected by pedipalpal dimorphism (Gruber, 1993;  Fig. 10E, F) . Juveniles capture prey with the help of their pedipalps, which are armed with both glandular setae and spines. The pedipalps can therefore be used in either a tentacle or a raptorial mode. Adults, by contrast, use both legs and chelicerae to capture prey. Besides living prey, dead matter is also taken. Trogulidae, Dicranolasmatidae, and Ceratolasmatinae further exhibit a unique camouflage mechanism called soil crypsis. A glue-like substance is secreted to catch soil particles, blending the animal into its micro-environment (Schwangart, 1907) . This occurs in the later instars and is accompanied by the growth of a hood-like protuberance of the dorsal integument, totally covering the mouthparts to keep them clean. Long pedipalps with glandular setae might interfere with this mechanism.
Another reason for the ontogenetic shift might be that the glandular setae are most effective in small harvestmen. This could be because of the relationship between surface area and mass scaling. As the volume (and accordingly mass) of a body increases by a power higher than surface area, the ratio of area covered by glandular setae to the body mass of the corresponding prey decreases with increasing body size of the harvestman. Further, because setal dimensions do not scale with body size, both the size and amount of the sticky droplets remain restricted in larger species. These restrictions are well known from adhesive setae of arthropod feet, used in climbing, and can only be overcome by an increase in effectiveness (strength) of the attachment (Arzt, Gorb & Spolenak, 2003; Peattie & Full, 2007; Labonte & Federle, 2015) . This means that the glandular setae are primarily useful for capturing small prey animals and so may only play a supporting function in the capture of large prey. Accordingly, the exclusive reliance on glandular setae is found in rather small species only, whereas larger ones often exhibit additional adaptations such as spines, or additionally use their legs and chelicerae for prey capture. Alternatively, larger species often feed on dead or slow-moving animals. Further, we found that the relative length of pedipalps decreases with increasing body size (Fig. 4) , which means that the loss of effectiveness cannot be compensated for by a relative increase of setal number, as the available space is limited. These relationships may indicate that predation (using the pedipalps for prey capture) is especially important in nymphs and small species to get the set of nutrients necessary for development.
Finally, in nymphs of some Laniatores (Cosmetidae) a sticking mechanism of the pedipalps may have evolved independently, as the unique modification of the pedipalpal pretarsus indicates. A sticky substance is secreted from numerous gland openings (G. Machado & S. Garc ıa, unpubl. data), which may be an effective trap for prey. However, behavioural observational data are still lacking.
EVOLUTIONARY TRENDS OF GLANDULAR SETAE
We found that glandular setae are synapomorphic for the Palpatores clade. They may have their origin in a soil-dwelling caddid-like small harvestman, being the ancestor of both Eupnoi and Dyspnoi, and not in an ancestor of both Laniatores and Palpatores as suggested by previous authors (Shear, 1986; Groh & Giribet, 2014) .
The results of our ultrastructural analysis suggest that the glandular setae are modified sensilla chaet-ica. This hypothesis is supported by both a similar inner structure (stapled rings, dendrite bundle with sheath, channels in outer cuticle, pore at tip flanked by lobe-like protuberances) and their replacement with sensilla chaetica in males of sexually dimorphic Phalangiidae, as well as in adults of species with ontogenetic polymorphism (i.e. Gagrellinae). Sensilla chaetica usually have a dual function, being simultaneously mechano-and chemosensors (Spicer, 1987) . Whether sensilla chaetica also possess a secretory function is not totally clear. In transmission electron microscopy (TEM) images, shown in Guffey et al. (2000) , an electron-dense material is present in the channels, and the cells near the setal basis, flanking the dendrites, appear to be glandular. In a chemosensor, a secretion may have the function as a solvent for gustatory substances. In spiders, chemosensors have been shown to extrude small amounts of fluids, leaving thread-like traces behind when sliding the foot over a smooth glass slide (Foelix, Rast & Peattie, 2012) . The glandular setae presumably still have a sensory function, which is supported by the finding of dendrites in the seta (Wachmann, 1970; Juberthie et al., 1981) . We found in both M. (Nemastomatidae) and Sabacon (Sabaconidae) that attacks on prey were often triggered by the prey touching the glandular setae, which supports this hypothesis.
The presumably most primitive type of glandular setae (ps1) was found in Caddo agilis (Caddidae). The seta is rather stiff, its plumose part is small, and the microtrichia are short and multiply branched (no regular rectangular branches). These characters may limit the capability of the seta to keep a large droplet, especially under load. In our previous study we found that this is an important function of the plumose part, as high pulling forces work on the secretion when a struggling prey is glued (Wolff et al., 2014) . Rectangular surface structures are necessary to prevent the droplet rolling off the pointed seta (and pointed microtrichia). Both the microtrichia and the short branches at the tip of the microtrichia are presumed to play an important role in stopping flow at two hierarchical levels. The setal tip should also exhibit a certain degree of flexibility to buffer some of the dynamic load. The ps1-type might therefore be less effective than the setal types discussed in the following paragraph in several regards.
The ps2-type of the Phalangiidae shows a longer plumose part and longer microtrichia with more regular tip branching than the ps-1 type, which may increase the capability to retain the droplet under tensile load. The depression on the basis of the plumose part is another evolutionary innovation typical for this type of seta. The cuticle is much thinner and thus presumably more flexible at the base of the plumose section, permitting bending in a guided direction (towards the body), whereas it stiffens in the other direction (away from the body). This might be possible because of the unique inner cuticular structure, with a stack of thick cuticular rings of dense material connected by thin epicuticle and occasionally a less dense inner material. The cuticle between the rings may be easy to compress, permitting buckling of the rear of the seta at the depression below the plumose part. Besides a possible function as a mechanoreceptor, this might also be important to withstand the high dynamic load of the struggling prey and might also function as a trap, because the seta is less compliant in the other direction (away from the body).
Anisotropic flexibility might be further enhanced in the ps4-type of Neopilionidae and the ps6-type of Taracidae and Sabaconidae. In the ps4-type the depression is even deeper and longer; thus, flexibility might be enhanced along the most part of the seta. In the analogous ps6-type, there is a trenchlike invagination that presumably has a comparable function. Both the depression and trench may further assist the secretion flow in the longitudinal direction and help its spread, as the plumose part is rather large in these setae (however, for the prevention of secretion loss during a vertical pull-off of the droplet this might be disadvantageous).
In Protolophidae and Sclerosomatidae the seta (ps3-type) is stiffened and thus more spine-like. This may be related to the more capture-basket-like pedipalps, with long apophyses protruding medially. As a sticking device this type might be less effective and was lost multiple times during evolution of this group either partially (in adults) or totally (all instars).
The tentacle pedipalp morphotype relies entirely on the function of the glandular setae. Thus, there might have been a stronger selective pressure on both setal and secretion effectiveness than in the plesiomorphic types, where the setae have only a supportive function. Accordingly, these groups exhibit a morphological derivation of glandular setae, presumably related to an increase in effectiveness. The tentacle convergently evolved in two lineages and independently in the Northern and Southern Hemispheres (Fig. 14) . Interestingly, this is correlated with the evolution of rather similar setal morphotypes in both lineages: the highly anisotropic ps4 vs. ps6 and the clavate vs. pseudo-clavate seta (Fig. 13) . The dyspnoid morphotype had already evolved at least in the Cretaceous as demonstrated by an amber fossil clearly showing the thread-like pedipalp and the secretion bearing clavate setae (Giribet & Dunlop, 2005) .
The globular arrangement of microtrichia in cs and p-cs is perhaps the most complex and effective setal modification. It permits an equal pull-off resistance in various directions and an ability to hold a relatively large droplet volume. By this specific arrangement, the setal tip is kept free of secretions and thus can independently function as a chemoreceptor. The swollen brim of ps6 in Sabacon and Hesperonemastoma may similarly function to prevent secretions from flowing into the opening of the apical pore. This is supported by our observation that the pores of these setae and of clavate setae often look clean, with the flanking lobes distinctly visible, whereas the pores of ps1-5 setae are frequently contaminated with secretion remains.
Another important character leading to the high effectiveness of the dyspnoid glandular setae is the occurrence of channel openings. In the less derived ps1-5 no channel openings were found. Thus, there are two possibilities for emergence of the secretion: (1) the secretion channels open into the central lumen inside each seta and the secretion emerges from the setal tip, or (2) the secretion diffuses through the thin epicuticle. We think that the second option is the most likely for the following reasons. The cuticular material between the channels vanishes in the plumose part; the channels in this part are fused and a secretion reservoir is thus formed between the thin epicuticle and the inner ringed wall. We found secretion remains in form of an irregular granular substance within this reservoir, whereas the inner tube was often hollow (sometimes the dendritic sheath was still present within the tube). As the microtrichia are built only of epicuticle, this reservoir spreads into the basal parts of the microtrichia. It therefore has a highly enlarged surface area, which may store secretion owing to its spongy architecture and support diffusion of the secretion to the outside. Such a spongy layer was previously described in fly pulvilli as aiding in the continuous supply to numerous setal tips of an adhesive secretion produced by a small number of secretory cells (Bauchhenß, 1979) .
The major dyspnoid lineage has evolved slit-like openings to the secretion channels. This mat be very beneficial especially for two reasons. (1) Larger volumes of the secretion can be extruded faster than by diffusion through the epicuticle. This might permit a quick recovery of the droplet after moulting or its fast renewal after contamination. (2) The openings may additionally provide a higher dynamic viscosity to the fluid. Previous tensile tests with clavate seta secretion showed a shear thickening behaviour, which indicates the interaction of long-chained macromolecules (Wolff et al., 2014) . Such a fluid may not be able to diffuse through the epicuticle and would therefore require small openings. Indeed it seems that the secretion has different chemical compositions amongst species with different types of setae, as the secretions of clavate setae may only hardly be dissolved in polar liquids, whereas those of plumose setae can be removed by ethanol. Further comparison of the wetting and tensile properties of secretions of different lineages may shed light on the evolution of these adhesives.
THE FUNCTIONAL ROLE OF SEXUAL DIMORPHISM IN GLANDULAR SETA POSSESSION
Many Phalangiidae show sexual dimorphism in the presence and distribution of glandular setae. The reason for their loss and replacement by sensilla chaetica in males is correlated with the specific behaviour of grasping and securing the female during copulation with the help of male pedipalps. In such a behavioural situation, sticky setae would probably hinder detachment after copulation, leading to immobilization and even death of both sexes in the worst case. A reduction of prey capture capability is less costly in this case, especially as these species are omniphagous (see above).
IMPLICATIONS OF THE RESULTS FOR THE PHYLOGENETIC TREATMENT OF PHALANGIIDAE
In general, our results are consistent with the recent hypotheses of interfamilial relationships. Some findings may be valuable for the evaluation of the (largely unresolved) relationships within Eupnoi.
Some Phalangiidae share several characters with the Caddidae, which are the sister lineage to all other Eupnoi: the correlated occurrence of a prolateral, hump-like apophysis on the distal femur (bearing glandular setae) as well as femoral spines and glandular setae on the tarsus might be synapomorphic for the Eupnoi and indicate the most basal lineages. This includes the Platybuninae [Lophopilio palpinalis and Megabunus rhinoceros (in the latter species the femoral apophysis does not bear glandular setae, but spines)] and Rilaena triangularis (part of Phalangiinae). Both platybunine species also show very similar ultrastructure of the setal plumes, like that in Caddo (multiple branching). Mitopus morio (part of Oligolophinae) shares these characters except the spines as in Megabunus rhinoceros. In Oligolophus tridens and Paroligolophus agrestis (Oligolophinae) the number of glandular setae in the tarsus is greatly reduced but the femoral apophysis is still present. In the analysed species of both Platybuninae and Oligolophinae sexual dimorphism in glandular seta possession is not present, which is regarded as an ancestral state. Behavioural observations in the latter subfamily show that pedipalps are used in a femalegrabbing behaviour, but not as frequently as in the species with sexual dimorphism.
Whereas femoral spination and the density of glandular setae on the tarsus could potentially be homoplasic characters, homoplasy seems unlikely in the case of the femoral apophysis (which is actually too small to play a significant role), the irregular terminal elements of setal plumes (where an adaptational benefit is implausible), and sexual dimorphism (correlated with female-grabbing behaviour). Thus, some characters presented in this work could potentially be valuable for future cladistic analyses, combining both morphological and genetic data.
The most derived type of pedipalp amongst the Phalangiidae is that present in Dicranopalpus, which includes elongation of the femur, tibia, and tarsus, the occurrence of a sharp apophysis on the proximal femur, a serrated claw (atypical for Phalangiidae, but shared with Amilenus), a lack of glandular setae on the tarsus, finger-like elongation of the patellar apophysis (forming a clasper with the prolateral curved tibia as counterpart), and a hump-like apophysis on the distal tibia (in Dicranopalpus ramosus only in juveniles). The latter four characters are shared with some Gagrellinae [juveniles of Metagagrella minax, in Rongsharia spp. also in adults (Martens, 1981) ], and the latter three with Protolophus, which is the sister lineage to the Sclerosomatidae; however, it is hard to evaluate if these character states are homologous. However, it is possible that the Phalangiidae are paraphyletic and that Sclerosomatidae and Neopilionidae are nested within this clade. Future phylogenetic studies using genetic and morphological approaches may resolve this open question.
CONCLUSIONS
Our comprehensive survey indicates that pedipalps are the primary predatory device in harvestmen, and that pedipalps have been highly shaped by the predatory activity of this omnivorous group of arachnids throughout their evolution. Glandular setae, releasing a sticky fluid, and spines and hyperflexible joints that permit the fast capture and securing of agile prey, are regarded as key innovations. The glandular setae play an important role in the capture of small, agile prey, such as collembolans and cicadellid leafhoppers, and thus are especially important in small-bodied predators or juveniles. In order to explain the exact mechanism of adhesion, comparative chemical and rheological analyses of the sticky fluid in different harvestman lineages should be carried out in future. Further, field studies on prey capture behaviour and diet analysis are important to evaluate the importance and adaptive influence of prey capture in harvestmen with different pedipalp morphotypes. The micromorphological analysis of certain pedipalpal and setal characters may also be valuable for future taxonomic and phylogenetic studies.
